Abstract Three new sesquiterpene glycosides, named codonopsesquilosides AÀ C (1 À 3), were isolated from an aqueous extract of the dried roots of Codonopsis pilosula. Their structures including absolute configurations were determined by spectroscopic and chemical methods. These glycosides are categorized as C 15 carotenoid (1), gymnomitrane (2), and eudesmane (3) types of sesquiterpenoids, respectively. Compound 1 is the first diglycoside of C 15 carotenoids to be reported. Compound 2 represents the second reported example of gymnomitrane-type sesquiterpenoids from higher plants. The absolute configurations were supported by comparison of the experimental circular dichroism (CD) spectra with the calculated electronic CD (ECD) spectra of 1 À3, their aglycones, and model compounds based on quantummechanical time-dependent density functional theory. The influences of the glycosyls on the calculated ECD spectra of the glycosidic sesquiterpenoids, as well as some nomenclature and descriptive problems with gymnomitrane-type sesquiterpenoids are discussed.
Introduction
The dried roots of Codonopsis pilosula (Franch.) Nannf. (Campanulaceae), known as "dang shen" in Chinese, are one of the most common drugs in traditional Chinese medicine and normally are used as a substitute for the much more costly Panax ginseng as tonic agents exhibiting similar therapeutic effects 1 . Although some chemical constituents and pharmacological activities have been reported, previous work was mainly carried out on ethanol or methanol extracts of this natural product 2 , which is not consistent with practical utilization of herbal medicines including various formulations containing "dang shen" by decocting with water. As part of a program to systematically study the chemical diversity of traditional Chinese medicines and their biological effects, focusing on water-soluble and minor constituents [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , an aqueous decoction of "dang shen" was investigated. Previously, we reported twelve new constituents from the decoction 2, 15 , including an unsaturated ω-hydroxy fatty acid, 4 acetylenes, and 7 C 14 -polyacetylene glucosides, along with preliminary bioassays. Continuation of our investigation on the same extract led to characterization of three new minor sesquiterpene glycosides named codonopsesquilosides AÀ C (1 À 3) (Fig. 1) . Herein, reported are details of the isolation and structural elucidation of the new isolates. 6 showed signals attributable to a trans-disubstituted double bond at δ H 6.23 (d, J ¼15. 6 Hz, H-8) and 5.61 (dd, J ¼15.6 and 9.6 Hz, H-7); two trisubstituted double bonds at δ H 5.80 (s, H-4) and 5.60 (d, J ¼7.2 and 6.6 Hz, H-10); an oxygen-bearing methylene at δ H 4.32 (dd, J ¼12.6 and 6.6, H-11a) and 4.19 (dd, J ¼12.6 and 7.2 Hz, H-11b); an aliphatic methine at δ H 2.67 (dd, J ¼ 9.6, H-6); an isolated aliphatic methylene at δ H 2.41 (d, J ¼ 16.8 Hz, H-2a) and 1.97 (d, J ¼16.8 Hz, H-2b); and four tertiary methyl groups at δ H 1.84 (s, H 3 -13), 1.73 (s, H 3 -12), 0.95 (s, H 3 -14) , and 0.88 (s, H 3 -15) . Additionally, the spectrum showed characteristic signals for two glycosyl units (Table 1) (Table 1) corresponding the above units, a carbonyl (δ C 197.9, C-3), and a quaternary carbon (δ C 35.9, C-1). These spectroscopic data indicates that 1 is a monocyclic sesquiterpene diglycoside for which the structure was further elucidated by 2D NMR data analysis.
Results and discussion
The proton and proton-bearing carbon signals in the NMR spectra were assigned by cross-peaks in the 1 H-1 H COSY and HSQC spectra. The heteronuclear multiple bond correlation (HMBC) correlations from H 2 -2 to C-1, C-3, C-6, C-14, and C-15; from H-4 to C-3, C-6, and C-13; from H-6 to C-1, C-2, C-4, C-5, C-13, C-14 and C-15; from H 3 -13 to C-4, C-5, and C-6; and from both H 3 -14 and H 3 -15 to C-1, C-2, and C-6 (Fig. 2) ; together with their chemical shifts, revealed the presence of a 6-substituted 1,1,5-trimethylhex-4-en-3-one moiety in 1. The 1 H-1 H COSY correlations of H-6/H-7/H-8 and H-10/H-11 and the HMBC correlations from H-6 to C-7 and C-8; from H-8 to C-6, C-9, C-10, and C-12; from H-10 to C-8 and C-12; from H 2 -11 to C-9 and C-10; and from H 3 -12 to C-8, C-9, and C-10 demonstrated that there was an 11-oxygen substituted 9-methylpenta-7,9-dien-7-yl side chain at C-6 of the hex-4-en-3-one moiety. In addition, the 1 H-1 H COSY correlations of H-1′/H-2′/H-3′/H-4′/H-5′/H 2 -6′ and their vicinal coupling constants, combined with the HMBC correlations from H 2 -11 to C-1′ and from H-1′ to C-11, indicated the occurrence of a β-glucopyranosyloxy at C-11. The 1 H-1 H COSY cross-peaks H-1″/H-2″ and the HMBC correlations from H-1″ to C-4″ and C-6′, from H 2 -6′ to C-1″, from both H 2 -4″ and H 2 -5″ to C-3″, in combination with the quaternary nature of C-3″, suggested that there was a β-apiofuranosyloxy at C-6′ of the β-glucopyranosyl. This was supported by NMR data comparison of the diglycosyl in 1 with those previously reported for structurally related compounds 16, 17 and further confirmed by enzymatic hydrolysis of 1 with snailase. From the hydrolysate of 1, a sugar mixture of glucose and apiose was isolated by column chromatography over silica gel (CH 3 CN-H 2 O, 8:1, v/v) and identified by thin-layer liquid chromatography (TLC) comparison with authentic sugar samples. The sugar mixture and authentic D-and L-glucose and D-and L-apiose were separately allowed to react with L-cycteine methyl ester and arylisothiocyanate 18 . Subsequent HPLC analysis indicated that two sugar derivatives from the mixture had retention time (t R ) identical to those of D-glucose and D-apiose derivatives. This verified that both glycosyl units in 1 possessed the D-configuration. Similarity of the NMR data and the circular dichroism (CD) spectra between 1 and the reported acetylated β-D-glucopyranoside 19 indicated that these two compounds have the same aglycone moiety including geometric and absolute configurations. The configuration was further supported by comparison of the experimental CD spectrum of 1 with the calculated electronic CD (ECD) spectra of 1, its aglycone, and a model compound with substitution of the diglycosyl unit by a methyl group (Fig. 3) predicted from the quantum-mechanical, time-dependent density functional theory (TDDFT) calculations 20 . Therefore, the structure of compound 1 was determined and named codonopsesquiloside A. This compound can also be named (R)-dehydroxyabscisic alcohol β-D-apiofuranosyl-(1″-6′)-β-D-glucopyranoside since the aglycone differs from (S)-abscisic alcohol only in the absence of hydroxyl group at the chiral center 21 . Figure 1 The structures of compounds 1 À 3.
attributable to three tertiary methyls, five methylenes (an oxygenbearing), one methine, a trisubstituted double bond, and four quaternary carbons including a carbonyl carbon (δ C 208.3, C-10), as well as the signals ascribable to the same diglycosyl moiety as that of 1. These spectroscopic data indicates that 2 is a tricyclic sesquiterpene β-D-apiofuranosyl-(1″-6′)-β-D-glucopyranoside, with an aglycone moiety different from that of 1. In the 1 H-1 H COSY spectrum of 2, the cross-peaks between H 2 -4 with both H 2 -3 and H 2 -5 and between H-7 and H 2 -11, together with their chemical shifts and coupling patterns, demonstrated that there were two vicinal coupling aliphatic units in the aglycone moiety. In the HMBC spectrum of 2, correlations from H 3 -13 to C-1, C-2, C-3, and C-6 and from H 3 -14 to C-2, C-5, C-6, and C-7 ( established connections between the quaternary C-2 with C-1, C-3, C-6, and C-13 and between the quaternary C-6 with C-2, C-5, C-7, and C-14. These connections formed a 2,6-disubstituted 2,6-dimethyl five-membered ring. The HMBC correlations from H 3 -12 to C-1, C-2, C-10, and C-11 revealed linkages between the quaternary C-1 with C-10, C-11, and C-12, and confirmed the connection between the two quaternary carbons C-1 and C-2. The linkages built up a 1-methyl five-membered ring fused with the former. In addition, the HMBC correlations from H-7 to C-8, C-9, and C-15; from H-9 to C-1, C-7, and C-15; from H 2 -15 to C-8 and C-9; together with the chemical shifts of these proton and carbon resonances, demonstrated that both the oxymethylene (C-15) and the methine (C-7) were connected to one end (C-8) of the trisubstituted double bond and that the quaternary C-1 was linked via the carbonyl (C-10) to the other end (C-9). This constructed an 8-oxymethylene cyclohexene ring fused with the latter fivemembered ring to give the tricyclic bridged structure of the aglycone in 2. The presence of β-apiofuranosyl-(1″-6′)-β-glucopyranosyl was confirmed by the 1 H-1 H COSY and HMBC correlations similar to those of 1. Meanwhile, the HMBC correlations from H 2 -15 to C-1′ and from H-1′ to C-15 verified that the diglycosyl is located at C-15 of the aglycone. In the NOE difference spectrum of 2, irradiation of H-11 enhanced H 3 -13 and H 3 -14 ( Fig. 4) , indicating that the bridge methylene (CH 2 -11) and the two methyl groups were oriented in the same direction. Using the same protocol as described for 1, the D-configuration was assigned for the two glycosyl units in 2. The CD spectrum of 2 displayed a negative Cotton effect at 330 nm (Δε À2.32) for the n-π n transition of cyclohexanone chromophore. Based on the octant rule for cyclohexenones 22, 23 , the Cotton effect suggested that 2 possesses 1S,7R configuration ( Fig. 5) , which was further supported by comparison of the experimental CD spectrum of 2 with the calculated ECD spectra of 2 and the aglycone methyl ether (model compound) (Fig. 6) . Thus, the structure of compound 2 was determined and named codonopsesquiloside B, which is the first glycoside of gymnomitrane-sesquiterpenoids. According to nomenclature of the parent skeleton of gymnomitrol 24 , this compound is systematically named ( À)-(1S,2R,6R,7R)-1,2,6-trimethyl-8-hydroxy methyltricyclic[5.3.1.0 2, 6 ]-undec-8-en-10-one Table 1) . The NMR spectra of 3 resembled those of atractylenolide III that was previously reported from the same plant C. pilosula 25, 26 and also obtained in this study, except for the presence of signals due to an additional β-glucopyranosyl unit. This suggests that 3 is the β-glucopyranoside of atractylenolide III, which was proved by experiments of 2D NMR and enzymatic hydrolysis. Especially, in the HMBC spectrum of 3, the correlation from H-1′ to C-8 ( Fig. 2) confirmed that the β-glucopyranosyloxy was located at C-8. In addition, from the hydrolysate of 3 with snailase, D-glucose and atractylenolide III were isolated and identified by comparison of their NMR spectroscopic and specific rotation data with those of the authentic samples (see in Experimental section and Supporting information). The absolute configuration of atractylenolide III was supported by comparison of the experimental CD and calculated ECD spectra (Fig. 7) . Therefore, the compound 3 was determined and named codonopsesquiloside C. This compound can also be named atractylenolide III β-D-glucopyranoside based on the known aglycone.
Comparison of the experimental CD spectra with the ECD spectra predicted from TDDFT calculations has become a recent approach increasingly applied for the determination of absolute configurations of natural products 20 , and some flexible units including the glycosyls were occasionally replaced 27 . Since we previously noted that the calculated ECD spectra of several bisindole glucosides were significantly disturbed by the chiral glucopyranosyloxy group on the indole chromophores 14 , to further investigate the influence of the glycosyl moieties on the ECD calculations of natural products with different chromophores and support the absolute configuration assignments, the ECD spectra of 1 À 3 and their aglycones, as well as the model compounds with substitution of the diglycosyl unit in 1 and 2 by a methyl group, were calculated. As shown in Fig 3, the ECD spectra of 1, its aglycone, and the model compound displayed Cotton effects with different intensities at similar wavelengths, indicating that the Cotton effect intensities, especially those at the shorter wavelengths, were disturbed by the substituents at C-11. As compared to those in the experimental CD spectra of 1 and the reported analogues 19, 28 , the similar split Cotton effects between 210 and 270 nm, arising from coupling between the π-π n transitions of the cyclohexanone and conjugated dienol chromophores, were observed in the calculated ECD spectra, whereas the Cotton effect around 300 nm for the n-π n transition of cyclohexanone chromophore has not only different intensities but also opposite signs. Because the exciton chirality method was proved to be applicable Figure 3 The experimental CD spectrum of 1 (black) and the calculated ECD spectra of 1 (dashed red) and its aglycone (dashdotted blue) and the model compound (dotted green) in MeOH. Figure 4 The NOE enhancements induced by irradiation of H-11a (dashed arrows) for compound 2.
for determination of the absolute configurations of the related analogues 28 , the configuration of 1 was supported by similarity of the split Cotton effects between the experimental CD spectrum of 1 and the calculated ECD spectra. In addition, because the Cotton effects around 300 nm had the opposite signs in the experimental CD and calculated ECD spectra, the empirical octant rule for the measured n-π n transition Cotton effect of cyclohexenones 22, 23 is invalid for 1 and the reported analogues 19, 28 . The ECD spectra of 2, its aglycone, and the model compound (Fig. 6 ) exhibited almost overlapping Cotton effects for the n-π n transition of cyclohexanone chromophore, while the intensities and wavelengths for the π-π n transition Cotton effects were affected by the substituents at C-15. In the experimental spectrum of 2 and the calculated ECD spectra, the sign and intensity of the n-π n transition Cotton effects were consistent with each other though the wavelengths of the calculated Cotton effects were red-shifted around 20 nm. This argues that the empirical octant rule for the experimental n-π n transition of cyclohexenones 22, 23 is valid for 2 and its analogues (Fig. 5 ). In addition, the calculated ECD spectra of 3 and its aglycone showed completely different curves (Fig. 7) , revealing the significant influence on the Cotton effects by the glucopyranosyl group. In this case, application of the empirical CD rules for the π-π n and n-π n transitions of α,β-unsaturated γ-lactones 29 failed to predict the configurations of 3 and the aglycone. Because the calculated ECD and measured CD curves were completely different, direct comparison of the calculated and experimental spectra of 3 also failed to assign the configuration. However, similarity of curve shapes between the calculated and experimental spectra of the aglycone provided a support for the configuration assignment.
Together with our previous work 14 , the ECD calculations carried out in this study indicate that the glycosyl moieties have a variety of influences on the intensities, wavelengths, and signs of the Cotton effects from both the π-π n and n-π n transitions of the different chromophores. In the ECD calculations, replacement of the glycosyl units may result in an ambiguous assignment of the absolute configurations 14 . The direct comparison of the calculated and experimental spectra of glycosides may also lead to an inconclusive result 27 , such as 3. To unambiguously assign the absolute configurations of the glycosides, ECD spectral calculations of both the glycoside and aglycone should be carried out and compared with the corresponding experimental CD spectra. Moreover, ECD calculations may validate whether the empirical CD rules 22, 23, 29 are valuable to predict the configurations. The empirical CD rules for the π-π n and/or n-π n transitions of the specific chromophores may be applicable only when the measured and calculated Cotton effects are consistent with each other.
A literature survey demonstrates that compound 1 is the first diglycoside of C 15 carotenoid sesquiterpenoids mainly consisting of abscisic acid (ABA) derivatives 19 . Among the C 15 carotenoids, ABA is a widely investigated phytohormone with multiple functions regulating numerous physiological processes in plant growth and development 30 and ingested by humans on a daily basis to mediate many beneficial health effects 31 . ABA is also endogenously produced and released from monocytes, granulocytes, microglia, and insulinsecreting cells with local actions and enhances the ability of pancreatic β-cells to secrete insulin [32] [33] [34] . Pharmacological studies demonstrated that ABA is involved in various immune and inflammatory responses and has potential in animal models to treat diabetes, Figure 5 The octant projection and relationship between chirality and sign of the n-π* transition Cotton effect of compound 2. Figure 6 The experimental CD spectrum of 2 (black) and the calculated ECD spectra of 2 (dashed red) and its aglycone (dashdotted blue) and the model compound (dotted green) in MeOH.
Figure 7
The experimental CD (black and red) and calculated ECD spectra (dashed red and green) of 3 and its aglycone in MeOH.
atherosclerosis, and inflammatory bowel disease 31 . Recently, it was found that ABA is a blocker of the bitter taste G protein-coupled receptor T2R4 35 . Therefore, characterization of compound 1 adds a new form to the ABA derivatives with diverse biological functions for future in-depth investigation.
All the reported gymnomitrane-type sesquiterpenes were isolated from lower polar essential oils or extracts of liverworts with chemotaxonomic importance 24, [36] [37] [38] [39] [40] [41] , except for three derivatives from fungal cultures 42, 43 and fruiting bodies 44 and only one from a higher plant 45 . Compound 2 represents the first glycosidic gymnomitrane sesquiterpene. However, there are several unresolved issues with this type of sesquiterpenes in the literature. The first problem is the configuration of bridge-head atoms. To date, all the references indicate that the skeletal configuration of gymnomitrane sesquiterpenes from the liverworts is conservative. (þ)-Isogymnomitrene and (À)-gymnomitrene, (þ)-α-and (À)-β-barbatenes, and (þ)-α-and (À)-β-pompenes are three pairs of synonymous compounds, of which the structures were independently determined. The skeletal configuration of gymnomitrane sesquiterpenes was assigned on the basis of the CD data of gymnomitrol-derived analogues 24, 36, 37 . X-ray crystallographic analysis of (þ)-α-pompene-and (À)-gymnomitrenederived p-bromobenzoates 39,41 not only verified the absolute configuration assignment, but also confirmed that (þ)-α-and (À )-β-pompenes are identical to (þ)-isogymnomitrene and (À)-gymnomitrene, respectively, as well as to (þ)-α-and (À)-β-barbatenes. Unfortunately, the orientation of the bridge-unit (methylene, oxymethine, or ketone) in the structural drawings was ignored in most of the references 40, 41, 43, 45, 46, 48, 49, 51, 52, 54, 55 , which causes incorrect illustration of the configurations at the bridge-head atoms. Even in the literature reporting X-ray diffraction analysis 41 , the orientation of the bridge-methylene and bridge-head H and Me are not properly illustrated in the structural drawing of the reported analogues, wherein the orientation of bridge-methylene is inconsistent with that in a perspective view of the crystal molecular structure. Thus, the absolute configuration of bridge-head atoms, as determined by X-ray crystallographic analysis, should clearly and correctly be illustrated in the structure drawing of gymnomitrane sesquiterpenes.
Secondly, many numbering patterns of the skeletal atoms exist in the literature, e.g. (1) starting at the quaternary bridge-head atom then the neighboring quaternary angular atom and the others: without numbering of the substituent groups (methyl/hydroxymethylene/exomethylene) 24 and with the substituent groups numbered 13, 14, 15, and 12 [46] [47] [48] , (2) starting at the bridge-head methine then the neighboring quaternary angular atom and the others: with the substituent groups numbered 14, 13, 12, and 15 42, 44 ; and (3) starting at the bridge-methylene followed by the bridge-head methine then the sp 2 hybrid carbon and the others: with the substituting groups correspondingly numbered 13, 14, 15, and 12 41 and 14, 13, 12, and 15 43, [49] [50] [51] [52] [53] [54] [55] . These descriptions have resulted in severe nomenclature confusions of the reported compounds based on the parent structure of gymnomitrane. Therefore, according to the systematic nomenclature of gymnomitrol 24 , the numbering and structure illustrated by 2 (Fig 1) is recommended, wherein the substituent group at the lower numbered skeletal atom is given the lower number and the bridge-unit has the same orientation as that of the angular methyl groups.
Additionally, among the three gymnomitrane sesquiterpenes from the fungi [42] [43] [44] showed an opposite Cotton effect at λ 201 nm to that of the (þ)-α-barbatene 37 , the configuration of ( À)-α-barbatenal was determined to be reversed to the latter. Identity of the reported NMR data of ( À)-α-barbatenal-reduction product 45 and gymnomitr-3-en-12-ol {3-gymnomitren-15-ol from the liverwort, [α] 20 D þ27 (c 0.17)} 50 confirmed that these two compounds had the same planar structure. The [α] 20 D values for the two compounds were opposite, there was a large gap between the amplitudes. This prompted us to calculate the ECD spectrum of (À )-α-barbatenalreduction product (see in Supporting information). For the reported configuration 45 , the calculated ECD spectrum exhibited the Cotton effect at 201 (Δε À1.60) nm, which is consistent with the reported data and supported the configuration assignment of ( À)-α-barbatenal. This, together with the structure determination of 2, demonstrates that the skeletal configuration of gymnomitranes from higher plants is indeed reversed to that from the liverworts and fungi.
Conclusions
Three new metabolite codonopsesquilosides A ÀC (1 À3), belonging to C 15 carotenoid-, gymnomitrane-, and eudesmane-types of sesquiterpenoids, respectively, were isolated from the aqueous extract of C. pilosula roots. Compounds 1 and 2 represent unique diglycosides of the C 15 carotenoids and gymnomitrane-sesquiterpenes. The ECD calculations of 1À 3, their aglycones, and the model compounds showed that the glycosyl moieties have a variety of influences on the intensities, wavelengths, and signs of the Cotton effects from both the n-π n and n-π n transitions of different chromophores. To unambiguously assign the absolute configurations, the ECD spectra of the glycoside and aglycone should be calculated and compared with the corresponding experimental CD spectra. All the reported gymnomitrane derivatives from liverworts and fungi have the same skeletal configuration, whereas those from the higher plant have a reversed configuration. To avoid confusion in the nomenclature and illustrating configurations, the numbering of skeletal atoms and the orientation of bridge-unit as shown for 2 (Fig 1) are recommended for gymnomitrane-sesquiterpenoids. Although the biological activity of 1 À 3 was not assayed in this study due to limited amounts of these samples, the results provide guidance for future studies of the synthesis, chemical transformation, structural modification, biosynthesis, and biological evaluation of these diverse sesquiterpenoids, as well as their potential contribution to the traditional uses of the C. pilosula.
Experimental

General experimental procedures
Optical rotations were measured on P-2000 polarimeter (JASCO, Tokyo, Japan). UV spectra were measured on a V-650 spectrometer (JASCO, Tokyo, Japan). IR spectra were recorded on a Nicolet 5700 FT-IR microscope instrument (FT-IR microscope transmission) (Thermo Electron Corporation, Madison, USA). NMR spectra were obtained at 500 MHz or 600 MHz for 1 H NMR, and 125 MHz or 150 MHz for 13 C NMR, respectively, on Inova 500 or SYS 600 (Varian Associates Inc., Palo Alto, USA) or Bruker 600 NMR spectrometers (Bruker Corp., Switzerland) in MeOH-d 4 with solvent peak used as references. ESI-MS and HR-ESI-MS data were measured using an AccuToFCS JMS-T100CS spectrometer (Agilent Technologies, Ltd., Santa Clara, USA). Column chromatography (CC) was performed with HPD-110 (Cangzhou Bon Absorber Technology Co. Ltd., Cangzhou, China), MCI gel CHP 20P (Mitsubishi Chemical Inc., Tokyo, Japan), silica gel (200-300 mesh, Qingdao Marine Chemical Inc., Qingdao, China), Sephadex LH-20 (Pharmacia Biotech AB, Uppsala, Sweden), or Toyopearl HW-40F (Tosoh Corporation, Tokyo, Japan). HPLC separation was performed on an instrument consisting of an Agilent ChemStation for LC system, an Agilent1200 pump, and an Agilent 1100 singel-wavelength absorbance detector (Agilent Technologies, Ltd.) with a YMC-Pack Ph column (250 mm Â 10 mm, i.d.) packed with phenyl-silica gels (5 μm) (YMC Co. Ltd., Kyoto, Japan) or a Grace column (250 mm Â 10 mm, i.d.) packed with C18 reversed phase silica gel (5 μm) (W.R. Grace & Co., Maryland, USA). TLC was carried out with precoated silica gel GF 254 glass plates (Qingdao Marine Chemical Inc., China). Spots were visualized under UV light or by spraying with 7% H 2 SO 4 in 95% EtOH followed by heating. Unless otherwise noted, all chemicals were obtained from commercially available sources and were used without further purification.
Plant material
The roots of C. pilosula were collected in October 2012 from a culture field in Weiyuan, Gansu Province, China. 
Extraction and isolation
The dried and powered roots of C. pilosula 3 -14) . The aqueous phase was dried using a stream of N 2 , followed by CC over silica gel eluting with CH 3 
ECD calculation
For details, see Supporting information. Briefly, conformational analysis of 1 À3, their aglycones, and the model compounds, were performed by using the MMFF94 molecular mechanics force field via the MOE software package 56 , respectively. The lowest-energy conformers having relative energies within 2 kcal/mol were optimized at the B3LYP/6-31þG(d) level in MeOH. The energies, oscillator strengths, and rotational strengths of the first 30 electronic excitations were calculated using the TDDFT methodology at the B3LYP/6-311þþG (2d, 2p) level. ECD spectra of the conformers were simulated using the Gaussian function with a half-band width of 0.28 eV, and the final ECD spectrum of each compound was simulated according to Boltzmann weighting of each conformer. All quantum computations were performed using Gaussian 09 program package 57 , on an IBM cluster machine located at the High Performance Computing Center of Peking Union Medical College.
